A new class of stimuli responsive drug delivery systems is emerging to establish new paradigms for enhancing therapeutic efficacy. To date, most electro-responsive systems rely on noble metal electrodes that likely cause the limitations for implantation applications. Herein, a graphene/polypyrrole composite electrode (GN-PPy-FL) was fabricated based on two-dimensional (2D) graphene (GN) film and conductive and biocompatible polypyrrole (PPy) nanoparticles loaded with a negative drug model of fluorescein sodium (FL) via chemical oxidation polymerization. The conductive composite electrode was utilized as a drug carrier to realize the electrically controlled release of the FL. The release rate from conductive nanoparticles can be controlled by the applied voltages. The study provides a multi-stimuli responsive drug release system, demonstrating the potential applications of the controlled release of various drugs, peptides or proteins.
Introduction
Stimuli-responsive material offers great advantages over traditional therapies by reducing toxic side effects and increasing drug efficacy. It can respond to local stimuli to enhance the accumulation of drugs in the pathological site, prolong the circulation time of drugs and achieve efficient delivery of drugs.
1,2 Many efforts have been devoted to developing a variety of stimuli-responsive polymers for drug delivery systems (DDSs) to realize the controlled release of drugs. 3 Controlled release of drugs from DDSs can be achieved by their response to the changes in environmental factors such as temperature, 4 pH, 5 light, 6 enzymes, 7 redox, 8 or an electric/magnetic eld. 9,10 Among these systems, the electro-responsive system is emerging to present a controlled release prole that mimics physiological processes in electroactive tissues owing to its intriguing properties of the versatility on the design of electrical stimulation devices or DDSs, 11 as well as the controllability through the tunable magnitude of voltage, frequency and pulse time. Besides, it has been reported that mild electrical stimulation facilitated the promotion of cell proliferation or differentiation, 12 providing the potential of electro-responsive DDSs in tissue engineering.
Electro-responsive systems have been established from nanoparticles, 13 hydrogels 14 or thin lms 15 based on conducting polymers, which possess unique electrical, optical mechanical and topological properties, providing sensitivity and response to electrical stimuli. These features, coupled with their excellent biocompatibility and facile functionalization with biomolecules, have empowered conducting polymers to fuel the developments of drug delivery devices, neural electrodes, and tissue engineering. [16] [17] [18] Conducting polymers such as polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh) and poly(3,4-ethylenedioxythiophene) (PEDOT) are of considerable interest for DDSs. 19 As one of promising conducting polymers, PPy has been proved to be a biocompatible material for DDSs with the advantageous features of facile preparation, stability and favorable conductivity. 20, 21 For instance, conductive PPy microcups with tunable size has been developed for the release of anti-inammatory drug, of which the release behavior can be controlled by precisely modulating the physical surface properties of PPy microcups. 22 To increase the drug efficiency, PPy was commonly employed to fabricate composite materials with a combination of biocompatible or biodegradable polymers 23, 24 or hydrogels. 25 Most of the reports have focused on the composite PPy lm by coating on the surface of substrate through the electrodeposition that requires a stiff electrode, causing limitations for implantation applications. To address the limitations, PPy nanoparticles have been developed to form composite material via the chemical methods. In addition, the micro-and nano-structures of conductive nanoparticles can enhance the drug loading capacity. ultra-high surface area and good biocompatibility, graphene and its derivatives have attracted extensive interests in supercapacitors, bio-sensing/imaging, drug/gene delivery and tissue engineering. 27, 28 Because of the extremely large surface area, graphene can physically adsorb or chemically conjugate with small molecules, proteins or functional nanoparticles, serving as a carrier.
29 Notably, graphene-based conductive platform has been reported to support cell growth and promote the differentiation of stem cell. 30 Moreover, the incorporation of electro-responsive controlled release system for drugs, bioactive peptides or proteins provides biomimetic microenvironment to mediate cell behaviors.
31
Thus, controlled release system based on conductive composite plays a crucial role in therapeutic treatments and tissue regeneration. 32 Composite materials fabricated by graphene and polymers are promising candidates for drug delivery. However, some developed system realized the release through desorption of drugs from graphene triggered by pH/redox, probably limiting the control of drug dosing in real time.
33,34
Drug release of electro-responsive graphene/polymer hydrogels systems mainly rely on the high voltages that might cause the damage to the biological system. 35, 36 Besides, the reported Graphene Oxide (GO)/PPy composite lm required an extra stiff electrode as substrate for graphene and drugs additives.
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Considering the competitive conductivity and exibility of 2D GN lm, as well as the remarkable drug loading capacity of PPy nanoparticles, we here report on a novel uorescein sodium (FL) loaded electro-responsive graphene/polypyrrole composite electrode (GN-PPy-FL). As shown in Fig. 1a , the negative charged FL was rst incorporated in PPy by electrostatic interaction to form PPy-FL nanoparticles via the chemical oxidation polymerization using poly(vinyl alcohol) as the stabilizing agent and iron cations as the oxidizing agent. 2D GN lm synthesized by chemical vapor deposition was used as an electrode substrate, 37 which was interacted with PPy-FL nanoparticles via the p-p interactions between the benzene ring in graphene lm and the aromatic group in PPy nanoparticles. Besides, the formed GN-PPy-FL can realize the electric-triggered release of drug through controlling the voltage applied on the electrode (Fig. 1b) . The responsive FL release behaviors were investigated by changing local pH or voltages. Furthermore, cytotoxicity against neural stem cells was evaluated to verify the biocompatibility of GN-PPy-FL, indicating its potentials for controlled release of bioactive molecules in microchips for tissue engineering application.
Experimental

Materials
Poly(vinyl alcohol) (PVA, 88% hydrolyzed, M w 10 kDa), pyrrole and uorescein sodium (FL) were purchased from Aladdin Co., Ltd., China. FeCl 3 $6H 2 O was provided from Sinopharm Chemical Reagent Co., Ltd., China. Solder Paste Inspection (SPI) conducting silver paste was purchased from Structure Probe, Inc., USA. 3410 glue was obtained from Dow Corning, Corp., USA. Pt counter was purchased from Tianjin Ida Technology Co., Ltd., China. Poly-L-ornithine solution and laminin solution were purchased from Sigma (USA). Calcein-AM and ethidium homodimer-1 (EthD-1) were purchased from Santa Cruz Biotechnology, Inc., USA and Abcam, Inc., USA, respectively.
Synthesis of FL-loaded PPy nanoparticles
To prepare the PPy-FL nanoparticles, 0.5 g of PVA was dissolved in 20 mL deionized (DI) water and heated up to 105 C. Aer cooling down to the room temperature, 15 mg of FL was added and the mixture was stirred at room temperature for 30 min. Aerwards, FeCl 3 $6H 2 O was added, the mixture was cooled to 5 C. Then 69 mL of pyrrole monomer was added dropwise into the aqueous PVA/FeCl 3 /FL solution. The molar ratio of FeCl 3 to pyrrole was 2 : 1 according to the literature. 38 Aer 24 h of polymerization at 5 C, the resulting nanoparticles in black were rinsed by repeated washing with DI water. Excess PVA was removed by ultraltration lters. Then, dispersion of nanoparticles was placed in a dialysis bag (MWCO 14 kDa) against DI water to remove impurities and free FL. The dialysis medium was changed three times per day during the 3 days. PPy nanoparticles were synthesized by the similar protocol without the step of adding FL. The morphologies of the PPy and PPy-FL nanoparticles were characterized by scanning electron microscopy (SEM) (Quanta 400 FEG, FEI, USA). The sizes and size distributions of the nanoparticles were measured using dynamic light scattering (DLS) (Malvern, Zetasizer Nano ZS, UK). The UV-vis spectra of the FL solution, PPy and PPy-FL nanoparticles were obtained by using a UV/vis Spectrometer (PerkinElmer Lambda 25, Canada) with a quartz cuvette of 1 cm optical path length. The uores-cence of nanoparticles was analyzed using an inverted uores-cence microscopy (Eclipse Ti-U, Nikon, Japan).
Fabrication of the 2D graphene substrate
2D graphene substrates were fabricated via chemical vapor deposition. 39 Typically, a thin copper foil substrate was heated up to 950 C and annealed for 10 min under H 2 and Ar atmospheres, followed by exposing to H 2 , Ar and CH 4 for 3 min at a usual atmospheric pressure. The furnace was cooled down to the room temperature under Ar atmosphere. Aer growth, copper substrate was removed by etching in an aqueous solution of iron nitrate to yield 2D GN lm, which was rinsed sequentially with diluted HNO 3 solutions and DI water. Lastly, 2D GN lm was transferred to tissue-culture polystyrene substrate (TCPs), followed by dried at room temperature for at least three days. Aerwards, it was soaked into DI water to remove the residual of etching agents and then was dried at room temperature for another 3 days.
Fabrication of GN-PPy-FL composite electrode
The PPy or PPy-FL nanoparticles were dispersed in DI water and sonicated for 30 min. The prepared 2D GN substrate was immersed in this dispersion for 24 h to obtain composite electrode. Then it was washed with DI water for three times, and soaked in DI water for 4 h to fully remove unabsorbed PPy-FL nanoparticles. Subsequently, the substrate was dried at room temperature for 24 h to obtain a nal GN-PPy-FL. To set up the electrode device, the Cu wire was connected to the edge of the composite electrode with conducting silver paste, while 3410 glue was coated on the surface of the silver paste to x it. An electrochemical workstation (CHI 660E, Chinstruments, Shanghai) was used as a power source to test the cyclic voltammograms (CV) and electrochemical impedance performances (EIS) of the 2D GN lm and composite electrode. 0.1 M phosphate buffer saline (PBS) was utilized as the electrolyte. The CV was tested with a potential range from À0.4 to 0.8 V at a scan rate of 100 mV s À1 . The EIS were conducted at the open circuit potential in a frequency range from 1 Hz to 100 kHz, and the impedance-potential curves were also recorded with the potential range of À0.4 V to 0.8 V. The chemical compositions were examined by Raman spectroscopy (LABRAM HR800, HORIBA, France). The charge storage capacity was calculated based on the surface area contained inside the CV curves and determined by using OriginLab soware.
pH-responsive FL release
To investigate the release of FL from the composite electrode, GN-PPy-FL were respectively immersed in 2 mL of phosphate buffer solution (PB) (0.2 M) at pH 5.0, 7.4 and 9.0 for 24 h under room temperature in dark. The release concentration of FL in PB was calculated based on the standard addition method.
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Briey, aer 24 h of release, 150 mL of each PB media was taken out and placed in each of 4 wells in a 96-well plate, and then 0, 10, 20, and 30 mL of FL standard stock solution (10 mg mL À1 )
were added in each well successively. The total volume of each well was set to 180 mL by adding PB. The uorescence intensity was measured by a microplate reader (Victor™Â4, PerkinElmer, Singapore) to plot the uorescence intensity-concentration curve. The X-intercept of the regression line indicated the release concentration of FL. The measurements were performed in triplicate. All data were expressed as mean AE standard deviations (SD).
Electric-responsive FL release
To evaluate the electric triggered FL release behavior, a twoelectrode electrochemical cell was set up in a homemade device, with the platinum (Pt) electrode as the counter electrode and the composite electrode as the working electrode. 10 mL of PBS (pH ¼ 7.4) (0.01 M) was used as the supporting electrolyte. Different voltages were separately applied for electrical stimulation. At a predetermined time, the solution was collected and placed in a 96-well plate in dark. Then, fresh PBS solution was replenished to the electrolyte to maintain the total volume. Thereaer, the 96-well plate was placed in a microplate reader for uorescence intensity measurement. Five independent measurements were averaged for each set. All data were expressed as mean AE SD.
Cell viability assay
For cell experiment, 2D GN lm and GN-PPy-FL were thoroughly sterilized by 75% ethanol and then were transferred into a 96-well plate. Sterilized PBS buffer was added in each well for 15 minutes to wash for three times. Subsequently, 2D GN lm and GN-PPy-FL, as well as the control wells (TCPs) were successively coated by poly-L-ornithine solution overnight at 4 C and laminin solution in PBS for 4 h at 37 C. Aer sterilized PBS washing for three times, neural progenitor cells (NPCs) were seeded at a density of 10 4 cells per well on different substrates of TCPs, 2D GN lm and GN-PPy-FL, respectively. Aer 5 days of culture, cell viability assay was tested by staining with Calcein-AM for live cells and EthD-1 for dead cells. The labelled cells were imaged by inverted uorescence microscopy (Eclipse Ti-U, Nikon, Japan). Analysis was performed in triplicate for each condition. The cytotoxicity assay data were presented as the mean AE SD.
Statistical analysis
One-way analysis of variance (ANOVA) was performed to compare the data set. A P value less than 0.05 was considered signicant.
Results and discussion
Synthesis and characterizations of PPy-FL nanoparticles
The PPy or PPy-FL nanoparticles were synthesized by chemical oxidation polymerization, using poly(vinyl alcohol) as a stabilizing agent and FeCl 3 as an oxidizing agent. 41 Due to the large surface area as reported, 42 poly(vinyl alcohol) agent can increase the stability and dispersity, which is benecial to the electrical conductivity of stimuli-responsive PPy nanoparticles. A drug model of FL was mixed with the pyrrole monomer during the synthesis of PPy. The negative charged FL was incorporated into the PPy nanoparticles to counterbalance the positive charge through the electrostatic interaction. The oxidation of PPy provides a facile mechanism for the uptake of a wide range of molecules.
43,44
Based on this synthesis, other molecules including drugs, peptides and bioactive factors can be loaded into polymer by physical embedding associated with the mechanism of oxidative polymerization.
The morphologies of formed PPy or PPy-FL nanoparticles were visualized by SEM, exhibiting a spherical shape with diameter around 100 nm (Fig. 2a) . Besides, DLS was employed to measure the averaged diameter and size distribution of the nanoparticles, showing the size around 133 nm and 167 nm for PPy and PPy-FL, respectively. The results reected the good stability and uniformity (Fig. 2b) . Furthermore, the UV-vis spectra of PPy-FL nanoparticles in Fig. 2c showed a clear UV absorption peak at 495 nm, which was attributed to the presence of FL. The uorescence image visually provided an evidence that drug model FL has been successfully loaded into PPy nanoparticles and the FL was stable without degradation during the oxidation (Fig. 2d) . The red shi of FL absorption peak can be attributed to the increased conjugate ability between FL molecules and PPy.
Fabrication and characterizations of composite electrode
The conductive composite electrode was prepared via a combination of 2D GN lm and PPy-FL nanoparticles. 2D GN lm was synthesized by chemical vapor deposition. Next, PPy-FL nanoparticles were composited on 2D GN surface by p-p stacking interactions between PPy and graphene structures. According to (Fig. 3) . Typically, high quality sections of low layer graphene were observed for the symmetry of 2D-band and the intensity ratio of the 2D-band and G-band (I 2D /I G ). Due to the presence of instinct vibrational modes at D-band (at 1340 cm Besides, the Raman spectra of the composite electrode showed the characteristic peaks of PPy (1170 cm À1 attributing to antisymmetrical C-H in-plane bending, 1420 cm À1 attributing to antisymmetrical C-N stretching, 1507 cm À1 attributing to skeletal band, and 1624 cm À1 attributing to the quinoid form band of C] C), 46 indicating the successful combination of 2D GN lm and PPy-FL nanoparticles. Also, these spectral features demonstrated that most PPy chains were still at intermediary oxidation levels aer the incorporation with graphene lm, 47 implying the maintenance of electrochemical activity of the composite electrode.
The composite electrode with customized size was used as the working electrode to connect with the Cu wire, while 3410 glue was applied on the surface to prevent silver paste from electrolyte (Fig. 4a) . The electrochemical performance of GNPPy-FL as the electrode material was tested by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in a three-electrode system. The electro-activity was veried from CV curves by using the composite electrode as the working electrode. The CV curves of GN-PPy-FL in phosphate buffered saline (PBS) showed a clear redox peak in a potential range between À0.4 and 0.8 V (vs. saturated calomel electrode (SCE)) (Fig. 4b) . In terms of the surface area, the charge storage capacity values were calculated as 28.86 AE 0.75 and 52.45 AE 1.30 mC cm À2 for 2D GN lm and GN-PPy-FL, respectively. The charge storage capacity of composite electrode was higher than that of some reported conductive hydrogel or conducting polymer based drug delivery systems. 22, 48, 49 The composite electrode presented highly capacitive nature with good ion response. The results further indicated that the composite electrode possesses a larger capacitance and a stronger charge injection ability compared with 2D GN lm due to the presence of conductive polymer particles. Meanwhile, according to the electrochemical impedance spectroscopies (EIS) results presented in Fig. 4c and d, the difference in impedance values increased with the increasing frequency, and impedance values and the resistance of GN-PPy-FL were signicantly lower than those of 2D GN lm, indicating that the conductive polymer nanoparticles signi-cantly increase the charge storage capacity and decrease the impedance of the graphene electrode, suggesting the potentials of GN-PPy-FL as an ideal electrode material.
Responsive release behaviors from composite electrode
Considering the negativity of FL, we rst tested the release of FL from GN-PPy-FL at different pH of 5.0, 7.4 and 9.0 by standard addition method. Fig. 5 showed the larger released amount of FL with the increasing pH aer 24 h, signicant difference (P < 0.05) was observed among three pH values, reecting the pH responsive behavior of FL from GN-PPy-FL. However, for the potential use as a microchip, the local pH of specic tissue usually keeps stable. Therefore, the response to other triggers such as electrical trigger are required. To assess an electrical responsive drug release behavior, a two-electrode electrochemical cell was designed by using the composite electrode as the working electrode and the Pt electrode as the counter electrode. PBS was used as electrolyte to mimic physiological conditions in vivo. Different voltages of À1.5 V, 0 V and +1.0 V were used to measure the FL release behaviors as shown in Fig. 6 . Much more FL was released when a constant stimulation of À1.5 V was applied to composite electrode, compared to the controls of 0 V and +1.0 V, indicating the electrochemical release of FL.
Next, we sought to explore the mechanism of the pH responsive and electro-responsive release behaviors of drug model. It has been reported that higher pH caused more deprotonation in terms of the reported protonation pK a of PPy, 40 lowering its overall positive charge, thus decreasing the electrostatic interactions between PPy and negatively charged drug to release the FL. Many reports have revealed that water electrolysis can lead to local pH value change. 31, 50, 51 The window for water electrolysis is À0.6 V to 0.8 V vs. Ag/AgCl. The negative potential may result in the generation of OH À ions on the GNPPy-FL composite electrode surface, increasing pH on the surface of the working electrode to favor the release of negative drug from the nanoparticles. On contrary, when a positive voltage was applied, water electrolysis lead to locally decreased pH around the GN-PPy-FL composite electrode to impede the drug release. Besides, the electro-responsive release of FL can also be ascribed to the redox properties of PPy that affect electrostatic interaction between PPy and FL. Applying electrical stimulation can cause the conformational change of conducting polymers. 25, 52 To maintain the charge neutrality, it requires mass transport between the PPy and electrolyte. 53 Counterions can enter/exit the conducting polymer, causing the expansion/ contraction of polymer when applying the voltage. PPy nanoparticles on the working electrode were reduced when applying the negative potential. Electrons can be injected into the polymer backbone to expel the negatively charged drug FL to overall charge neutrality, resulting in the release of FL.
Cell viability
Cytotoxicity is one of critical issue for the application of a biological electrode material. It is noted that electrical stimulation has a signicant effect on the release of bioactive factors on stem cell behaviors. 54 Meanwhile, electrical stimulation mediates the stem cell adhesion, migration or differentiation behaviors.
12 For potential use in nerve tissue engineering, NPCs was selected to verify the biocompatibility of composite electrode in vitro. NPCs cultured on the substrates aer 5 days were stained with Calcein-AM and EthD-1, respectively. The uorescence microscopy images as displayed in Fig. 7a revealed that the most NPCs treated with GN-PPy-FL and control groups of TCPs and 2D GN lm were highly viable with the minimal dead cells. The cell viability of NPCs in each condition were quantied as higher than 90% (Fig. 7b) , presenting the biocompatibility of GN-PPy-FL. The result provides a promise of the electro-controlled release of bioactive proteins and the effects of electrical stimulation on nerve cells for nerve tissue engineering. 
Conclusions
In conclusion, we have successfully developed a conductive composite electrode GN-PPy-FL through the interactions between 2D GN lm and FL loaded PPy nanoparticles, which were prepared via chemical vapor deposition and chemical oxidation polymerization, respectively. This composite electrode exhibited favorable conductivity with a larger capacitance and a stronger charge injection ability, which can be utilized as a drug carrier to realize the electro-responsive controlled release. The release rate from conductive PPy-FL nanoparticles can be controlled by voltages or pH changes. Meanwhile, local pH changes and reduction on the electrode surface have impact on the electro-responsive release behavior of FL. Furthermore, stem cells NPCs can grow on GN-PPy-FL composite electrode and keep high viability, excellent biocompatibility. Overall, this conductive GN-PPy-FL composite electrode provides a perspective to achieve the electro-responsive release of drugs, peptides, proteins in nerve regeneration medicine for biomedical applications.
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